Abstract-An efficient method for the asymmetric synthesis of enantiomerically enriched derivatives of (S)-propargylglycine by С-alkylation of Ni II
I. INTRODUCTION
Unnatural amino acids constitute more and more attractive targets for drug design, and their asymmetric synthesis has been increasingly developed over the last decades. It is well known that non-proteinogenic amino acids incorporation in peptide sequences increases resistance to enzymatic proteolysis [1] . Moreover, disposing of a wide variety of unnatural amino acids allows the modulation of physical and chemical properties of the resulting peptides depending on the selected side chains [2] . In this domain, unsaturated amino acids represent very interesting building blocks. Indeed, alkenyl-or alkynyl side chains can be functionalized by many chemical functions and offer a wide range of possible transformations. Particularly unsaturated α-amino acids give access to many synthetic applications in all fields of chemistry. Among them, metal catalyzed cross-coupling reactions and cross metatheses are commonly used to generate peptide modifications [3] , [4] and cyclizations [5] . They can also be substrates of biological interest for fluorination for example as PET radiotracers [6] . They are very interesting and useful tools for "click" chemistry [7] , [8] in peptidomimetic drug design or covalent modification of proteins [9] . They can also be incorporated in compounds as beta-turn inducer to promote secondary structures [10] . Finally they can be used for the preparation of stapled peptides. Stapled peptides were first designed by Verdine as a hydrocarbon staple that 'locked' a flexible peptide into the shape of an alpha-helix by reaction of two α,α-disubstituted non-natural amino acids bearing an olefin side chain [11] . In recent years a great number of papers have appeared on stapled pepides [12] and it has been demonstrated that also monosubstituted alkenyl amino acids are suitable for their preparation [13] .
Also amino acids are widely used in medicine, pharmaceutics; they are commercially low-cost enantiomerically enriched key components of many medicinal preparations. In the last 20 years the use of enantiomerically enriched non-protein amino acids containing different aliphatic, aromatic and heterocyclic groups in the side chain have been rapidly developing [14] . Amino acids containing unsaturated bonds in the side-chain radical occupy a special place among these compounds. Thus, for example, (S)-propargylglycine isolated from fermentation broth of Streptomyces sp. bacterial strain [15] and from Amanita pseudoporphyria fungi is a potential inactivator of pyridoxal-P dependent γ-cystathionase [16] , inhibits growth of Saccharomyces cerevisiae as well as synthesis of amylase [17] - [23] , affects activity of ATP: L-methionine S-adenosyltransferase [24] .
To synthesize unsaturated amino acids, Crisp and Robinson for the first time used Pd-catalytic system in the reactions of С-alkylation of unsaturated groups, in particular, of propargylglycine [25] . Using this approach, Li and coworkers succeeded in producing a number of compounds with acetylenic bond that are thrombin inhibitors [26] .
Later on the Procter and Gamble Pharmaceutical Company using the Sonogashira reaction has generated a whole series of phenyl substituted propargylglycine derivatives that became the basis for metalloproteases inhibitors [27] . The similar strategy was employed by the researchers of the Novartis Company who managed to produce enantiomerically pure compounds with a propargyl fragment that are inhibitors of Endothelium-converting enzymes. Using phenyl substituted derivatives of propargylglycine they also succeeded in producing dipeptide nitrile, which was successfully tested as an inhibitor of lysosomal cysteine Synthesis of Enantiomerically Enriched Amino Acids Containing Acetylenic Bond in the Side-Chain Radical protease cathepsin B [28] .
There are several methods to obtain non-proteinogenic amino acids containing acetylene bond in the side chain: isolation from some fungi species alkylation of O'Donnell substrate by unsaturated alkyl halogenide, Strecker and Sonogashira reactions followed by enzymic cleavage.
However, in the majority of cases, racemic precursors were used in synthesis of unsaturated α-amino acids and end products were produced in the form of optically inactive racemates. Only in some cases it became possible to provide the enantiomeric yield by enzymic hydrolysis.
II. RESULTS AND DISCUSSION
Earlier asymmetric syntheses of different enantiomerically enriched non-protein (S)-α-amino acids were carried out by C-alkylation of Ni II complex of Schiff's bases of glycine and chiral auxiliary (S)-2-N-[N`-(benzylprolyl)amino]benzophenone (BPB) [29] . The possibility of synthesis of enantiomerically enriched (S)-α-amino acids containing unsaturated bonds in the side-chain radical by C-alkylation of the acetylenic moiety of chiral Ni II complex of (S)-propargylglycine was also shown (Figure) . In all reactions chiral macrostructure of Ni II complexes provides high stereoselectivity of amino acid conversions (ее > 90 %) [30] . In this paper we report the synthesis of enantiomerically enriched derivatives of (S)-propargylglycine substituted at both α-carbon moiety and acetylenic group of propargyl moiety by C-alkylation of chiral Ni II complex of Schiff's bases of (S)-propargylglycine and
To obtain dimer of (S)-propargylglycine, the oxidative dimerization of complex Ni II -(S)-BPB-(S)-PGly (1) was carried out at the acetylenic group in CH 3 CN/K 2 CO 3 in the presence of CuCl catalyst (see Scheme 1) .
The next stage was study of the reaction of C-alkylation of propargylglycine fragment of complex 1 by alkylhalogenides. Allyl bromide, benzyl bromide and its halogen-substituted analogs were used as alkyl halogenides (RX).
The reaction of С-alkylation of amino acid moiety of complex 1 was conducted in DMF/NaOH and MeCN/K 2 CO 3 /Cu (I).
As a result it was detected that when conducting the reactions of alkyl halogenides condensation to complex 1 in MeCN/K 2 CO 3 in the presence of СuCl, substitution at the acetylenic hydrogen atom occurs only in case of using allyl bromide with the formation of (S)-4-allylpropargylglycine complex (4). When benzyl bromides are used as alkylating agent, oxidation dimerization of complex 1 with the formation of dimeric complex 2 is observed instead of C-alkylation. When the reaction of alkylation is carried out in DMF in the presence of NaOH, substitution of α-Н-amino acid residue with the formation of complexes of α-alkyl substituted (S)-propargylglycines (5a-h) is observed for all halogenides. The major fractions of synthesized complexes (4, 5a-h) were chromatographed and their structures confirmed by spectral methods. Absolute configuration of α-carbon atom of amino acid moieties of complexes was assigned by polarimetric measuring [30] .
Isolation of the target enantiomerically enriched amino acids (6-14) from the major diastereomeric complexes (4, 5a-h) was conducted according to a general method [31] . Their strictures and absolute configurations were determined by spectral methods. The ratio of (S,S)-and (S,R)-diastereomers of alkylation products was evaluated by 1 H NMR analysis of the mixture of diastereomeric complexes (before chromatography) by the ratio of the integral intensities of the signals of methylene protons of N-benzylproline moiety in the range of 2.55-4.40 ppm. Besides, the ratio of diastereomeric complexes was additionally verified by chiral HPLC analysis of the mixture of amino acids obtained after acidic decomposition of the mixture of diastereomeric complexes (before chromatography) and ion-exchange demineralization.
The results of asymmetric с-alkylation of NI II -(S)-BPB-(S)-PGly are given in Table I . The results of asymmetric yields target amino acid are given in Table II .
The target α-alkyl and aryl substituted propargylglycines (7) (8) (9) (10) (11) (12) (13) (14) as well as (S)-2-aminoocta-7-en-4-ynoic acid (6) was isolated from the diastereomeric mixtures of alkylated complexes according to the standard procedure and crystallized from aqueous alcoholic solutions. The structures and absolute configuration of synthesized amino acids were established by physicochemical methods.
As a result new enantiomerically enriched (S)-α-amino acids containing a triple bond in the side-chain radical were obtained.
This amino acids are a key unit in the synthesis of metalloproteases inhibitors.
